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FOREWORD 


Lockheed Missiles & Specs Company, Inc. is pleased to submit this Task B 
final report to the Rational Aeronautics A Space Administration , Marshall 
Space Flight Center In accordance with Contract Number NAS 8- 34508. 

The program, summarised herein, covers Task B of the contract , plus 
chsnges specified by Change Orders No. 1 and No. 3. Change Order No. 1 
essentially added the high-speed machining of an 8 foot long panel 
(Ref NASA letter of 18 December 1981 by James D. Hankins) and transferred 
the activity of Task A identified by the paragraph "Identify Potential 
High-Speed Milling Procedures" to Task B where it is entitled "High-Speed 
Milling Procedures and Times". Change Order No. 3 added video taping of 
the high-speed machining panel cutting process. 

This submission is not Intended to duplicate a Task A* report and 
documents only the results of the Task B activities. 
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* See Task A objectives' under Introduction 
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Seotion 1 
INTRODUCTION 


The External Fuel Tank (ET) of the Spaoa Shuttle (see Pifurea 1-1 and 1-2) la 
not recovered after launch, therefore, a new one Bust he provided eaoh tine. 
Currently, the external "akin" panels of the tank are produced by machining 
from solid wrought 2219-T87 aluainua plate stook approximately 1-3/4 in. 
thiok. 

The reduction of coats in producing External Fuel Tank panels is obviously, 
then, of particular significance. This study which is divided into Tasks A 
and B was initiated to investigate the feasibility of inoreas 1 ”* production 
rates and decreasing costs of the panels through the application of high-speed 
maohining techniques. 


1-1 TASK A OBJECTIVES 

Task A, which has not yet been performed, is designed to address anticipated 
cost savings from converting to high-speed machining techniques from the cur- 
rent conventional machining prooess in manufacturing Shuttle External Tank 
panels. The cost ssvlnga are to be projected from conventional machining data 
and high-speed machining data generated and projected during Task B activities. 
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Figure 1-2 Detail of Space Shuttle External Foal Tank 
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i-2 task b OBJtcnns 


The primary objective of ! > oak B (tho aubjeot of this report) mo to 
demonstrate tho applicability and advantages of tho hlgh-apood aaohining 
proooaa to tho production of &uttle External Tank panda by phyaloally 
aaoh Inins aolootod aaapio portions of an external tank panel* Figure 1-1 
a hows tho relationship of tho Shuttle to tho Bxtornal Tank to vhloh it la 
attached for launching. Tho approxlaate location of tho aaapio panol portion 
aolootod for this study ia illustrated in Figure 1-2. 
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Station 2 
TASK B TASKS 


Ths tlsaanU of Task 6 as dalinaattd in tbs original oontraot art as 
follows: 

1) Salaot ths pantl saaplt oon figuration 

2) Parfora tht allling dsaonstratlon 

3) Produos a Task B final rsport 

Ths soops of Task B was subssqusntly lncrssssd through Changs Ordsr Mo. 1 
to lnoluds two additional tasks. Ths fourth task Is ths aaohining of an 8 
foot long pansl ssetion, and ths fifth, to inoorporats ths paragraph froa Task 
A sntitlsd "Idantify Potsntial High-Spaad Milling Proosdurss." This paragraph 
was rtlabtlltd "High-Spssd Milling Proosdurss and Tints" . 

A sixth task, ths vldao taping of ths high-spssd aaohining proosss, was addsd 
by asans of Changs Ordsr No. 3. 


2-1 DELIVERABLE HARDWARE 

Ths dtllvtrablt itsas undsr Task B of ths oontraot art as follows: 

1) 3 - 38 in. x 46-1/2 in. (approxiaatsly) tank pansl sactions 

2) 1 - 38 in. x 9*-1/2 in. (approxiaatsly) tank pansl ssotion 

3) Ssvsral saall T-rlb oross-asotlons of saapls pansl 

4) Vidso taps of high-spssd aaohining pansl outting opsration 

a) Original footxgs (with writtsn narration) 

b) Bough sditsd vsrslon (with writtsn narration) 
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Seotion 3 

TASK B TECHNICAL APPROACH 


A primary objective of tha panal cutting of Task B was to deaoostrate tha 
admntaga of high-speed machining for Shuttle tank panala within tha limita- 
tions of equipment available at Lockheed and than to project to an ldaal 
situation whara aquipaant would ba espc?*»lly designed or adapted for this 
purpose. 


3-1 EQUIPKiNT LIMITATIONS 

The only silling aaohinea available at Lockheed, which ware large enough to 
machine tha panal Maples selected, ware tha Sundstrand Oaniall NC aaohining 
cantors . A aodel 0M3 (Figure 3-1) was seleoted for tha praliainary outtar and 
NC tape trials because of its availability av:4 aeoassibility. However, a aodel 
OMU (Figure 3-13) was required to aoooatodate tha JLrrger sizes during tha final 
panal aaohining. 


3-1.1 Table Feed 

Tha aaxlBua table feed capability of both tha 0M3 and OHM Sunstrand models is 
200 inches par minute (ip®) which is definitely a limiting faotor whan high* 
spaed aaohining aluminum under these oondltlons. Higher cutting speeds (sfpa) 
could be attained by increasing the spindle speed; however, the volume of 
metal would not be significantly increased because the chip load would be 
simultaneously reduced unless the table feed oould be increased aooordingly. 
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3-1.2 Horsepower 

Horsepower vu also a limiting factor (16.6 hp maximum at 18,000 rpm and 5.5 hp 
at 8,000 rpm). If mora horaapowar had bean available, more volume (cu in /min) 
of metal could have been removed by utilizing heavier depthe of cut, larger 
diameter cuttera, and higher feed ratea. 


3-1.3 Sp.ndle Noae Configuration 

The No. 30 Milling Machine Taper (MMT) of the Bryant 18,000 rpm spindle motor 
(Figure 3-2) was definitely a limiting factor in that the tool holder shank 
diameter of only 1-1/4 in. at the large end of the taper restricted the size 
of outter which could be employed. This relatively small spindle nose also 
restricted the shank diameter of the cutting tool itself, thus automatically 
limiting the length of tool and depth of cut which oould be utilized due to a 
lack of rigidity and/or stiffness. 


3-1.4 Table Travel 

The table travel of Lockheed's largest capacity machining center, the Sund- 
strand 0M4, limited the size of panel which could be machined. When laying 
the panels down flat on the 0M4 is chine table (Figures 3-3 and 3-4), the maxi- 
mum panel size attainable was 21 in. by 96 in. Consequently, the 38-in. fin- 
ished panel width was achieved only by machining half of the panel width and 
then Indexing to reach the second half. 


3-1*5. Chip Removal Not Automated 

The faot that the ohip removal was not automated was not actually a sub- 
stantial limiting factor for the sizes of panels involved in the project. 
However, for full-size Shuttle Tank panels, a conveyor system plus a system of 
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Figure 3-2 Close-up of 18,000 RPM Bryant Spindle Motor Installed 
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flood coolant or air blast nozzles to move tha chips to tba conveyor would be 
recommended. Perhaps an even more functional approach for ohip removal would 
be the use of a sufficiently powerful vaouua system to vacuum away the chips. 


3-2 PANEL SELECTION 

The selection of a specific Shuttle External tank panel which was felt to 
represent the majority of the panels (see Figures 1-1 and 1-2) was accom- 
plished primarily by personnel from the Marshall Spaoe Flight Center and 
their prime contractor for tkw Shuttle Tank, Martin Marietta. As the panels 
are generally 11 ft wide by 20 ft long, a full panel was not feasible for 
this study, especially in light of Lockheed *s aaohine tool limitations. 
Therefore, approximately A ft by A ft and A ft by 8 ft sections of an 
appropriate panel were chosen. This panel is Identified by Martin Marrietta 
drawing number 80914400984 with selected sections indicated on Sheet 2. The 
configurations of these panel sections are shown in Figures 3-3, 3-4, and 3-5 
of this report and in subsequent phptographs. 

Following the panel selection, 2219-T87 aluminum material for the study was 
shipped from Martin Marietta to Lookheed. (See Paragraph 3-4. 1.1 for details). 


3-3 CUTTER SELECTION AND TRIALS 

The diameters of the cutters to be used in high-speed maohining the sample 
panels were limited by the horsepower and other parameters of the available 
equipment (See 3-13. The outters selected had been successfully tested pre- 
viously at Lockheed for the high-speed machining of aluminum, but of a dif- 
ferent alloy, ihese chosen cutter designs had to be modified for proper 
oorner radii to meet the panel configuration and for shank diameter to be 
utilized in the tool holder acceptable for the high-speed spindle motor 
seleoted for the project. 
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Figures 3-6 and 3-7 show tha 3-flute, 1-1/8 in. diameter and mill ohoaan aa 
tha roughing cuttar to ba uaad for removing tha major portion of tha pookat 
araa between tha T-ribs of tha panal. Tha 3/6 in. oornar radius and Bill 
ohoaan for forming tha 3/8 in. radii at tha baaa of tha T-riba and for finish- 
ing tha oloaad and of tha panal ia ahown in Figurna 3-8 and 3-9. Thia outtar 
has tha same baaio geometry aa tha roughing outtara except for tha larga radi- 
uaad oornara. Both 1-1/8 in. diaaatar outtara ara aada from ASP60 iaprovad 
high apaad ataal. 

Tha 8 in. diaaatar outtar ohoaan to out tha undaraida of tha T-rib aaotiona ia 
ahown in Figuraa 3-10 and 3-11* Thia outtar alao had bam pravioualy uaad for 
high-speed oaohinlng aluoinun. Tha oornar radii of tha taath vara inoraaaad 
to 0.125 in. to form tha required fillets of tha T-rib. The brazed inserts 
utilized in thia outtar are Bade from Weldon Tantung, an alloy of tantalus and 
tungsten which ic noted for its toughness. 

Because of tha required modifications of tha outtara, tha laok of experience 
in high-apeed oaohining the 2219-T87 alloy, and tha niniaua time available on 
tha Sundstrand 0M8 NC machining oantar, outtar trials vara oonducted previous 
to tha maohining of tha panels themselves. These trials ware performed on a 
Sundstrand 0M3 NC maohining oantar (Figure 3-D vhioh was more readily avail- 
able than tha 0M8. As tha outtar trials ware scheduled approximately one 
month in advance of tha actual panel outting demonstration, a safety period 
was thus provided during vhioh further outtar modification oould ba accom- 
plished if necessary. Furthermore, tha outtar trials provided a means of 
tasting the NC part program in advance. 

Preparation for the outtar trials included the following aotivities. A some- 
what reduoed panel aeotlon which oould be accommodated on the 0M3 machining 
oantar was selaoted. Tha NC program was written. Tha outtara ware modified 
and tool holders balanced. After tha 18,000 rpm Bryant high-speed apindla 
motor was installed in tha 0M3, vibration tests were oonduoted to detect any 
resonant frequencies. 
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Figure 3-6 1-1/4 In. Diameter Three-Flute End Mill Selected as Roughing Cutter 
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rigare 3-7 Detailed Specification* for Roughing Cutter 






Figure 3-9 Detailed Specifications for Finishing Cutter 
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Figure 3-10 4 In. Dirmeter Cutter Selected for Machining T-Rib Sections 
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Following the preparation stops, tho out tor toots were run repeating tho 
ohoson pookotod soot ion two times. As s rosult, oach out tor reoelved minor 
modification to proviso sdditionsl ohip olosrsnooo or room for tho chips to 
oloar tho body of tho outtor* A fow minor adjustments woro also mado in tho 
NC program, including tho foods and spoods, and tho section was romaohlnod tho 
third tins. 

Tho resulting part was felt to bo very satisfactory and, subsequently, plan- 
ning was continued for tho machining of tho regular panel sections and tho 
formal panel outting demonstrations on tho larger machine. 


3-4 HIGH-SPEED MACHINING OF PANELS 
3-4. 1 Preparation 

Preparing for tho machining of tho larger canal sections and converting tho 
Sundstrand 0M4 machining *?nter for high-speed machining included several 
steps which are described below. 

3-4. 1.1 Panel Blanks - Identification and Premachining . Tho 2219-T87 wrought 
aluminum panel blanks as reoeived from Martin Marietta were 2 in. thiok and 
ink-stencilled with metal grain direction and both lot and individual panel 
identification numbers. To assure the maintenance and integrity of this 
information all the numbers were recorded and the individual panel numbers 
were steel stamped on three of the edges of eaoh respective panel (See 
Appendix A for these numbers). The fourth edge was not stamped but ink-marked 
and then out off to provide the 41 in. maximum width dimension that could be 
aooomodated on the maohining center. Care was taken to be certain that the 
grain flow w%s left in the longer direotton of the panel thus guaranteeing 
that'th* grain direction in the finished panels would be parallel to the 
length of the T-ribs. 
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To ensure that the panel blanks would mount flat on the vacuum base plate, 
both sides were ground flat and parallel to eaoh other. At the saae tine the 
blanks were reduoed In thickness to the 1.75 In. specified by Martin Marietta 
drawings. Mounting bolt holes were provided around the perimeter on three 
aides of the panels. 

3*4. 1.2 Base Plate . To provide adequate backup and holding capabilities for 
the panels, a 2 in. thick aluminum vacuum ohuck, or base plate, was decided 
upon. The base plate was designed, acquired, and prepared with vacuum grooves 
zoned in three separate areas to accommodate both the 4 ft. and 8 ft. long 
panels (See Figures 3-3, 3*4, and 3*12). Tapped mounting holes were also pro- 
vided around the perimeter of the plate by which the panels were aligned and 
secured. 


3-4. 1.3 MC Program Preparation . The two numerical control machining centers 
used on the project were selected with similar controls to facilitate the ex- 
pansion of the program utilized for the cutter trials to that of the fullsized 
panel sections. The use of the NC programming capabilities of Lockheed's 
CADAM system also helped in expanding both the width and length of the panels 
and in reprogramming the second half of eaoh panel. The panels were pro- 
grammed in halves to allow them to be indexed to produce 38-in. finished width 
panels on a machine wlch has only a 21-in. width oapacity when machining in 
the flat position. Feeds, speeds, and other machining parameters were used 
which were in keeping with Lockheed's previous high-speed machining experience 
and the findings of the cutter trials. 

3-4. 1.4 Machining Center Set-Dp . After the installation in the Sundstrand 
0M4 Omnimil of the Bryant, 18,000 rpm high-speed spindle motor with its per- 
ipheral support equipment, spectrum analysis vibration tests were run. this 
was done to guard aginst attempting to operate in any spindle speed range 
where natural resonance vibration frequencies might cceur and thus cause pos- 
sible problems with the machining process or damage to the equipment. (See 
spectrum analysis data in Appendix B.) 
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Figure 3-12 A Ft Long Machined Panel on Vacuum Base Plate 
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Plaatio Le?:an shielding was Mounted around the periphery of the sa chine table 
to provide safety protection for the aaohine operator and observers in the 
event of a tool breakage and also to provide containment for the flying chips 
and outting fluid during maohining. (See Figure 3-13*) 

Two air nozzles were installed beside the spindle in addition to the two 
existing flood coolant nozzles to aid in keeping the ohips out of the path of 
the cutter. In operation, the approach proved to be quite successful. 

The base plate was next installed being properly aligned and secured to the 
aachine table. This systea including the vaouus feature also was later found 
to function very favorably. 


3-4.2 Machining of First Panel 

A 4 ft long panel was chosen for the first part to be high-speed machined on 
the 0M4 machining center. The panel blank was first bolted in place and then 
sealed to the vacuum base plate with modelling clay. After the NC Program 
tapes were proofed by "dry running" on the machine, the panel was machined. 
(See Figure 3-12.) Following completion, the panel was shortened on the open 
end to provide small sections of T-ribs which were to be used as handouts 
during the scheduled panel cutting demonstration. 


3-4.3 Panel Cutting Demonstration 

rhe panel cutting demonstration was felt to be a major emphasis of this 
study. It was designed to demonstrate to NASA representatives and their in- 
vited. guests the feasibility of utlizlng high-speed machining as a means of 
producing the External Fuel Tank panels and thereby reducing manufacturing 
cost and time. These reductions were to be accomplished by increasing produc- 
tion rates and capacities and, in turn, reducing aachine tool requirements. 
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The formal panel cutting demonstration vaa held on June 15, 1982 in Lockheed 
Building 181/182. Figure 3-13 it a photograph taken during the demonstration 
which shows the Sunds trend 0M4 na chining center on which the demonstration was 
performed and also some of the observers who were present. Formal attendees 
and the Lockheed crew are pictured In Figure 3-14. A Hat of attendees is 
provided in Appendix C. 

The agenda (See Appendix D) included an Introductory presentation which re- 
viewed basic high-speed machining concepts as well as the objectives of the 
contract. Observation of the high-speed machining of a 4 Ft Long Shuttle Tank 
panel section followed. 

A cutting speed of 5,890 surface feet oer minute (sfpm) fever 60 mile* per hour) 
was witnessed in the 1-1/4 in. diameter roughing and finishing cutters turning 
at 18,000 rpm. A table feed rate of up to 200 inches per minute (1pm) (the 
maximum capability of the machine) was observed as the roughing cutter removed 
up to 56 cu in. /min of material while utilising most of the maximum horsepower 
available (16.6) from the spindle motor. 

The finishing cutter was fed at a rate of up to 180 1pm to remove up to 25 cu 
in. /min of material. Rates up to 100 ipm table feed and 18 cu in. /min were 
employed with the 4 in. diameter T-rib cutter which was operated at a cutting 
speed of 8,378 sfpm (8,000 rpm). Further detail Is provided in Appendix E, 
"Setup and Operating Instructions for Machining 4 Ft Long Panels." 

During the subsequent discussion period, NASA representatives emphasised their 
need for general specifications for a machine tool capable of high-speed 
machining »he tank panels on a production basis. At least two attendees 
consented that because of the small siss and tightly rolled shape of the chips 
produced by the high-speed machining process, they did not anticipate a 
problem with chip removal. Chip removal had been voiced previously as a 
serious concern. 
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Figure 3-13 Observers at Panel Cutting Demonstration on Sundstrand OM4 NC Machining Center 
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Figure 3-14 Attendees and Lockheed Crew at High-Speed Machining Panel Cutting Demonstration 
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3-4.4 Machining of Balanoe of Panola 

Following tho high-speed aaehining panol outting doaonatratlon , tha balanoo of 
the dolivorablo panols (Sao Paragraph 2-1) was aaohlned. A total of throo 
4 ft and on* 8 ft long panala vara coaplatad. A vldao tapa racordlng vaa aada 
of tha high-speed aaehining of tha 8 ft long panal. Dataila of thia effort ara 
given In Section 4. 

3-4.4. 1 Recording of Horaopowor . Ac. 1 horsepower utilised in aaking tha 
various outa vaa recorded (Sea Appendix F.) for use in determining power re- 
quirements and in calculating outting efficiency (See 6-1.). 


3-4.5 Consideration of Cutter Wear 

Particular attention waa paid to outter life (or wear) oharaoteriatioa of the 
three outter designs. Under proper conditions all three outtera showed ex- 
cellent wear capabilities. Figure 3-15 ia a photograph of the roughing outter 
(See Figure 3-7 for detailed specification*) which waa used to perform the 
entire roughing of the 8- ft panel. The separate magnified views of the re- 
spective individual cutting edges shown in Figure 3-16 reveal only slight 
nicks (.002 in. max) at the tops of the utilized portions and at the height of 
the top of lesser depths of cut. The balance of the cutting edges show virtu- 
ally no wear. The lighter area just back of the used portion of the cutting 
edges appears to be discoloration rather than noticeable wear. However, 
eventual crater wear would seem to be suggested. 

The finishing cutter shown in Figure 3-17 was used for machining all four 
4 ft long panels as well as the one 8 ft panel. No notioeable wear is seen in 
any of the views of this cutter. The detailed specifications for this outter 
were given earlier in Figure 3-9. 
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Figure 3-16 Cutting Edges of Roughing Cut r UBed to Machine Entire 8 ft Long Panel 
(Showing Only Slight Wear at 7 x Magnification) 
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( Figure 3-18 ploturos tho T-rib cutter used for aaohlning all fir# of tho 

panels. At with tho roufhlnf outtor only a alight dlsooloratioo la shown 
behind tho cutting edges of tho Inserts (gee aagnlflod views In Figure 3-1W. 
Ko Measurable wear la present. 
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All Deliverable Panels (Showing Negligible Wear ac 7 x Magnification) 
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Section 4 

VIDEO TAPING 0? HIGH-SPEED MACHINING PANEL CUTTING PEOCESS 

As an addition to the original contract authorised by Change Order No. 3, 
the machining of the 8 ft long panel was video taped In color. After 
careful planning, a total of approximately 50 minutes of original footage 
wa* taken using four 15 minute 3/4 In. Umatlc tape format cassettes. 

The original footage vaa rough edited down to 23 minutes by omitting 
repetitious acmes and other extraneous portions. Both the original footage 
and the rough edited versions were narrated in writing and mailed to the 
Marshall Space Flight Center. 
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Section 5 


FINAL PREPARATION AND SHIPMENT OF DELIVERABLE ITEMS* 


Th« 1*1/2 In. aargina used for mounting during machining wore removed fro* 
the panel* in preparation for ahipaant. The identification nuabera which 
had been ateel-atamped on the edgea of the panel blank* were carefully 
tranaf erred to the backa of the finiahed panel*. The panel* were then hand 
daburred and cheaically cleaned to avoid corroaion. Figure 5-1 and 5-2 are 
photograph* of the finiahed 4 ft and 8 ft panela t reapectively. 

The three 4 ft long (identification nuabera LSI, LS3, and LS4 - See Appendix A) 
and on* 8 ft long (LL2) finiahed panel* were properly crated and ahipped with 
the two regaining 4 ft long (LS2 and LS5) and one 8 ft long (LL1) panel blank* 
to the Mara hall Space Flight Center.** 

The video tape* were alao properly prepared and ahipped to the Marahall Space 
Flight Center (See 4.0 for detail*.). 


* See Section 2.1 for list of deliverable iteaa. 

** Note: The eixth 4 ft by 4 ft (LS6) panel blank had been uaed for the 

cutter trial*. 
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Figure 5-1 A Ft Long Finished Panel 
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Section 6 

HIGH-SPEED MILLING PROCEDURES RED TIMES * 


The Intent of this section Is to Identify the various high-speed machining 
process parameters, to describe the ectusi values of these parameters utilized 
In this project, and to Identify optima paraaater values If different from 
those employe! during the project. Times and operations Involved In high-speed 
machining the Shuttle Tank panels will be stated and the tlae required to 
high-speed machine a complete panel will be projected. 

6-1 DEFINITIONS AND ACTUAL VALUES OF HIGH-SPEED MACHINING PARAMETERS 

The operations employed and the actual values of the various paramaters used 
(See Table 6-1) are given below and In Appendix E, "Setup and Operating 
Instructions for High-Speed Machining of 4 ft Long Panels". The actual values 
are also given In Appendix F, "High-Speed Milling Date Sheet for 8 ft Long 
Panel #LL2." A compilation of these actual values Is listed In Table 6-1. 

6-1.1 Spindle Speed . Spindle speed Is expressed in revolutions per minute 
(rpm) of the spindle or spindle motor. The spindle speeds used were 18,000 
rpm for the 1*1/4 In. diameter roughing end finishing cutters (Figures 3-6 to 
3-9) end 8,000 rpm for the 4 in diameter T-rlb cutter (Figures 3-10 and 3-11) . 

6.1.2 Cutting Speed. Cutting speed when using s milling cutter Is expressed 
as the peripheral speed of a cutter tooth tip stated as feet per minute (fpm) 
or surface feet per minute (sfpm). The cutting speed values employed in the 
high-speed machining of the tank panels were 5,890 sfpm for the 1*1/4 In. 
diameter cutters end 8,378 sfpm for the 4 In. diameter cutter. 


* NOTE: This section was originally part of Task A but was transferred to 

Task B by direction of Change Order No. 1. 
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TABU 6-1 

ACTUAL AMD PROJECTED PARAMETER VALUES FOR 
HIGH-SPEED MACHINING TANK PANELS * 


Optimum 


P»r«Mttr Actual 


Spindla Speed 18,000 
(rpn) 


Cutting Speed 5,890 
(sfpn) 


Table Feed 200 

(ip*) 

Chip Load .0032 

(in.) 

Depth of Cut 

Axial (in.) .300 

Radial (in.) 1.250 

Matal Removal 56 

Rata (cu In. /min) 

' • 

Horsepower 13.4 


Provan 

Exaapla: Cincinnati 
Mllacron Gantry Mill 

7,200 

(9,000 available 

from Cincinnati Mllacron) 

3,600 


150 

(300 available fro* 
Cincinnati Mllacron) 

.010 


1.0 


2.0 


300 with 
75hp 


75 at 7200 rpn 


Available or Expected 
to be available aoon 


60.000 with 20hp 

40.000 with 40hp 

12.000 with lOOhp 

4,000 - 10,000 
currently felt to 
be aoat efficient. 
(20,000 now uaed on 
large die face nil la 
etc.) 

400 

(1500 with 20hp) 


. 010 ? 


Dependent on hp 
available and die of 
cutter 

(Shuttle panel limited 
to 1.625 in. maximum) 

Dependent on dia of 
cutter and hp 

400 expected with 
lOOhp (Up to 450 now 
using large dia face 
■ills) 

100 at 12,000 rpm 


(Cont ' d) 
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TABLE 6-1 (Coat'd) 

ACTUAL AND PROJECTED PARAMETER VALUES 
FOE HIGH-SPEED MACHXNXNC TAME PANELS * 




Optimum 

.. 

Parameter 

Proven 

Example: Cincinnati 
Actual Mllacron Gentry Mill 

Available or Expected 
To be available soon 

Cutting Efficiency 
(cu In. /mln/hp) 

4.0 

4.0 

? 

(Unit hp — 
hp/cu ln./aln) 

0.25 

0.25 

? 

Time to Machine 
4 ft long Panel 
(hrs) 

2.019 



Time to Machine 
8 ft long Panel 
(hrs) 

3.49 



Projected Time 
to Machine 
11 ft x 20 ft 
Panel (hrs) 

27.256 
(Projected 
from 8 ft 
long Panel 
data) 

6.0 

(Base on Cincinnati 
Mllacron data using hp) 

5.1 

4.48 

(Based on Inverse 
proportion of 100 hp 
vs time projected from 
8 ft panel machine 
time) 


(Based on maximum metal 
removal rates sad adjusted 
using actual Machining tine) 


* NOTE: These values are based on the maximum rates used for the roughing 

operation (Cutter No. 02). The blank panel Is considered to be 1.75 In. 
thick and to have approximately 912 of the metal removed. Full-slsed 
panels are considered to be 11 ft x 20 ft. 
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6-1.3 Table r— d. Table feed or food roto when milling lo tho rat* at which 
rolatlvo motion toko* placo botvoon tho machine table and tho ap Indio, or hood, 
of tho machlno. Tablo food la expressed In Inehoa par minuto (lpa). Food ratoa 
ranging from 150 to 200 ipe (tho maximum capability of tho machlno) war* uaod for 
. tho 1-1/4 In. dlamotor roughing and flnlohlng cut taro, and from 40to lOOlpmloT 
tho 4 In dlamotor T-rlb cuttor. 

6-1.4 Chip Load. Chip load la tho amount of natal that oach flut* or cutting 
odgo removes aa tho cuttor tuna through ono revolution aa tho workplace la 
fad agolna t It. Chip load la alao called chip par tooth or food par tooth and 
la oxproaaad in Inehoa (In). Tho chip load* utilized in hlgh-apeed machining 
tho panel* rangod from .0025 to .0032 In. for tho roughing cutter, stayed 
constant at .0032 In. for tho finishing cuttor, and extended from .0016 to 
.0032 in. for tho T-rlb cuttor. Those relatively small chip loads helped to 
achieve the fine surface finish required by the part. 

6-1.5 Depth of Cut . There are actually two typos of dopth of cut Involved in 
milling. One 1s defined as axial dopth of cut vhlch Is parallel to the 
center line of the spindle. The othor Is called radial dopth of cut and is 
perpendicular to the centerline of the spindle and cutter. 

For the roughing cutter the axial depths of cut ran from .070 to .300 in. 

depending on how tho levels, or layers, of cuttor passes wore divided. The 

radial depths, or widths, of cut ranged from 1.1 to 1.250 in., the full 

diameter of the cutter. The finishing cutter with the 3/8 In. corner radius 

was used primarily to provide the .370 fillet radius of the part. Therefore, 

both axial and radial depths of .370 in. were used. Axial depths from .075 

to .635 In. and radial depths from .025 to .550 in. vers utilised with the 

T-rlb cutter. 

■ * 

6-1.6 Metal Removal Rate . This parameter la usually expressed in terms of 
cubic Inches per minute (cu In. /min) of metal removed. The values obtained 
were from 18 to 56 cu in. /min (approximately 3X the comparable conventional 
machining rat* at Lockheed) with the roughing cutter, to 25 cu in. /min with 
the finishing cutter, to 18 cu in. /min with the T-rlb cutter. The two 
primary limiting factors in this case were horsepower and table feed. 
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6-1.7 Hot— power . Available power, or horsepower, to turn the cutter Is the 
most Halting parameter where larger volumes of aetel ere to be removed, es 
with the teak panels. The Bryant 18,000 rpa spindle motor la rated at 16.6 hp 
at the full 16,000 rpa. Horsepower readings as recorded In Appendix F, 
"High-speed Milling Data Sheet for 8 ft Long Panel Mo. LL2', ran at 
approxlaately 13.4 hp for the roughing cutter for aost of the cuts. Occasional 
peak loads ran momentarily higher. For Tool Mo. 03, the finishing cutter, the 
loads ran at approximately 8.4 hp. The relatively light loads used with the 
T-rib cutter (Tool Mo. 04) drew a maximum of approxlaately 5.1 hp which was 
almost at the 5.5 hp maximum available at 8,000 rpa at which the spindle wea 
operating. 

6-1.8 Cutting Efficiency. Cutting efficiency la often expressed as cubic 
Inches per minute per horsepower (cu ln./ain/hp). Using the values Already 
cited In 6-1.6 and 6-1.7 to calculate cutting efficiency for the m a ximu m metal 
removal rate, we find that 56 cu in. /min divided by 13.4 hp yields a cutting 
efficiency of 4.18 cu In./mln/hp. This value compares very favorably with the 
figure of 3.0 cu./min/hp which Is felt to be e somewhat conservative number 
for high-speed milling of aluminum. 

Cutting efficiency la the mathematical reciprocal of unit horsepower which is 
expressed as horsepower per cubic inch of metal removed per minute. The unit 
horsepower equivalent to the 3.0 cu In./mln/hp given above Is 0.33 hp/cu In. /min. 

6-1.9 Time to Machine 4 ft Long Panel Section . The actual machining, or chip 
cutting time for high-speed machining the 4 ft long panel sections Is presented 
in Table 6-1. The 2.019 hrs listed la the time generated by the MC program and 
found to be reasonably accurate in actual operation. This time does not Include 

such activities as part loading and unloading and tool changes. 

* 

6-1.10 Time to Machine 8 ft Long Panel Section . As with the 4 ft long panel, 
the 3.49 hrs listed in Table 6-1 as actual time for high-speed machining the 
8 ft long panel was generated by the Lockheed NC program. This computer 
calculated time was also found to be reasonably accurate. 
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6-2 PROJECTED TINS TO MACHINE FULL-SIZED 11 FT X 20 FT TANK FANIL BASED ON 
ACTUAL FB0JSCT DATA 

The NC program cutter paths and times for high-speed machining tha 8 ft long 
panal taction vara meticulously expanded to pro j act a cutting time raqulrad to 
machine tha antira full-aiaad 11 ft x 20 ft panal front which tha aanpla saetion 
was takan. Tha total estimated tins (as given In Table- 6-1) is 27.2567 hra. 

As only 13.4 hp was aaployad in machining tha 8 ft sample panal, it be cam vary 
apparent that horsepower was tha greatest Halting factor, especially In the 
roughing operation at which over 80 percent of tha tine was spent. Obviously, 
even though thedaaonatration panal sections were high-speed ea chined very 
successfully and convincingly, tha rates attainable on tha available Lockheed 
equipment were not optimal for machining full-sized tank panels. 

6-3 PROJECTIONS OF OPTIMOM HIGH-SPEED MACHINING PARAMETERS AND TIMES 

High-speed machining is presently In a dynamic atate of development. 

Therefore, projections of what appear to be "optimum" parameter values today 
may not be optimum tomorrow. In an attempt to deal with this rapidly changing 
situation, two seta of optimum parameter values are presented in Table 6-1 
in addition to the "actual** values utilised during this demonstration project. 

6-3.1 Projections Baaed on Proven Data . The first set of optimum parameter 
values projected for high-speed machining Shuttle External Fuel Tank panels is 
based on proven data given as an example. This data was made available by 
Cincinnati Milacron * and is presented to emphasise that equipment capable of 
providing the high-speed machining parameter values listed in Table 6-1 is 
readily available today. 


* T. Raj. Aggarval. Research in Practical Aspects of High Speed Hilling of 
Aluminum. Presented at the SME Annual International Tool end Manufacturing 
Engineering Conference, Philadelphia, PA, May 17, 1982. 

(NOTE: T. Raj Aggarval la an RAD Associate at Cincinnati Milacron). 
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As presented In Table 6-1, tbs Jj^rasslve volume of 300 eo In. /min of metal 
removed by Cincinnati Milacron was achisvsd using a 75 bp sp India turning a 
2 in. diameter and sill at 7200 rpm. Tha surfaca finish rasulting froa tha 
relatively heavy chip load of .010 in. and cutting spaad of only 3,600 sfpa, 
no doubt, was accaptabla for a roughing operation. Howe v e r, to produce lass 
tool olds pressure and better surface finish which would likely be -*equired 
for the T-rlb sections of the tank panels, higher cutting speeds would probably 
be required. The higher cutting speeds could be achieved by either Increasing 
the disaster of the cutter while keeping the rpw constant or by increasing tbs rpw 
with the sane disaster cutter. In either event, a table feed faster than the 150 
lpn cited in the example would be in order to be able to nalntaln a proper chip load. 

Using the high- spaad machining parameter values available as shown in this 
exaaple, the projected tine to machine a full-sized 11 ft x 20 ft panel was 
cooputed by -two methods. Both projection methods yielded impressively less 
time than predicted from the 8 ft panel cutting data. 

first, horsepower was used as a predictor as it had bean found to be the 
dominant limiting factor in our Lockheed penal cutting operations. It was 
determined that cutting time could be expressed as being in a direct but 
Inverse relationship to available horsepower. Based on a machining time of 27 hrs 
required by the 16.6 hp spindle motor used, it was determined that a 75 hp motor 
should be sbla to accomplish the seme Job in approximately 6.0 hrs. 

The second method employed to predict cutting time for a full-sized panel was 
based on the computed volume of metal to be removed and the maximum metal 
removal rate for each of tha spindles being compared. Using sn estimated 
volume of 50,182 cu in. of metal to be removed, the 16.6 hp Lockheed spindle 
with a maximum metal removal rate of 56 cu in. /min could be expected to 
machine the full panel in 14.9 hours. However, the actual projected VC program 
time to machine the panel using the 16.6 hp spindle was 27.3 hrs (See Table 
6-1). Therefore, an adjustment factor of 1.83 was computed by dividing the 
27.3 actual projected hours by the 14.9 calculated hours. By adjusting the 
2.8 hra calculated for the 75 hp spindle by this 1.83 factor, a more logical 
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projected —chining cl— of 5.1 hr* vu determine d. Ac noted above, either of 
these projected —chining tl— a would suggest considerable potential savings 
In —chining tl— . 

6-3.2 Projections Baaed on Capabilities Which are Available or are Expected 
to Be Available Soon. The second set of optima para— ter values projected 
for high-speed —chining Shuttle Internal fuel Tank panels is a coepilation of 
Inf or— tion froe various sources. Most of these capabilities are available 
singlely now. However, the exact combination of all "optima” para— ter values 
desirable for high-speed -chining Shuttle Tank pa— Is has probably not yet 
been assembled. 

As horsepower was deteruine d to be the —at critical Uniting para— Ler for 
the high-speed —chining of parts requiring relatively large -scants of 
— terial to be reserved. Including Shuttle Tank pa— la, the "optima —chine" 
would —st likely be fitted with as large a horsepower —tor as possible. The 
100 hp, 12,000 rpn spindle —tor listed in Table 6-1 Is the largest known to 
the author which h— been conceived specifically for high-speed —chining. 
Although this —tor has not yet been built, the technology required la 
reportedly available and proven. If such a —tor were capable of operating at 
a cutting efficiency of 4.0 — was de— trated during the Lockheed panel 
cutting demonstration and claim d by Cincinnati Milacron in the example cited 
in Table 6-1, it would be able to remove 400 cu In. /min. This would equate to 
S 2.5 In. die cutter cutting at 1.624 in. deep (the — rtmm possible depth of 
cut required for -chining a 0.126 in. panel skin from a 1.75 In. blank) at a 
table fee d of 98.5 1pm. Since the cross-sectxonal area of 2.5 in. x 1.624 in. 

■ 4.06 sq. in. essentially an entire pocket between T-rlbs could be —chined 
out In four passes at approximately 100 lpm. ?or finish —chining the radii 
and for machining the T-rlb sections, the cross-sectional area of metal to be 
removed per pass would be considerably less. Therefore, available table feeds 
should be higher In proportion to maintain — high a volume of metal removal 
as possible. As 300 lpm table feeds are available now for gantry-type machines 
such — would be expected to be — ed for —chining tank panels, it Is logical 
to expect that 400 lpm table feeds are either also available now or will be In 
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tb« amt future. Import edly, om c o mpa n y baa built a light duty gaatry-t ypm 
machine with a table travel capability of 1500 1pm. 

Faster faad rataa alao requlra higher rp* to kaap tha chip/tooth loada light 
enough to minimise alda loada on tha T-rib aactlooa and provide aufflelaat 
aurfaca finish. Tha •waller tha diameter of cutter usad, tha higher tha rpa 
will need to ha. Presently tha bearings for relatively large horaapower 
motors are tha Halting factor* In Increaalng tha rpa above approxlaataly 
9,000 to 12,000. For thla primary raaaoo, aoaa menu.'' v ^urers of high-speed 
spindles are developing magnetic bearing*. To data, tha author la not aware of 
any provan magnetic bearing eplndlea with the horaapovar level rscowendad for 
machining tank panala. 

A projected time to high-speed machine a full-slsed tank panel waa calculated 
baaed on tha 100 hp, 12,000 rpa spindle. A value of 4.48 hr* waa determined 
baaed on an Inverse proportion using the 100 hp and the 27.3 hrs projected from 
the 8 ft long panel data. Thla represents an additional 25 percent reduction 
In time from tha 6.0 hrs predicted for tha 75 hp spindle. Tha assumptions of 
a continued cutting efficiency figure of 4.0 cu in. /win/hp and the m a rlwa i 
metal removal rates used In the projections should be kept in mind. 
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SECTION 7 

SUMMARY AND CONCLUSIONS 


7-1 SUMMARY 

Lockheed Missile* & Specs Company, Inc. contrectsd with Che NASA Marshall 
Space Flight Center In Huntsville. Alabane to provide certain technical 
services for the purpose of evaluating the flexibility of applying high* 
speed aachlnlng techniques to the nil ling of Space Shuttle External Fuel 
Tank panels. The contract was divided into two sain categories or tasks. 

Task A was designed to docunent and evaluate the parameters currently 
Involved in conventionally machining the Shuttle Tank panels and to compare 
them with equivalent high-speed machining parameters. An economic analysis 
vas to be made projecting expected savings in machining costs from the 
comparison. This document reports Task B activities which are summarised 
below. 

Teak B was primarily designed to demonstrate the applicability and advantages 
of high-speed machining for producing Shuttle Tank panels by physically 
machining selected sample portions of an external tank panel. Lockheed vas 
asked to show that the high-speed machining techniques and technical expertise 
employed in machining missile hardware could be transferred to the production 
of Shuttle Tank panels. Actual data from the high-speed machining of the 
sample panel sections were to be used to project the anticipated time for 
high-speed machining an entire Shuttle Tank panel using optimal equipment. 

Specific Task B tasks were as follows: 

1) Select a panel sample configuration 

2) Perform a high-speed machining demonstration and machine additional 

panels 

3) Prepare a Task B final report. 
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Through change orders the following tasks wore added. 

4) Machine an 8 ft long panel section 

5) Incorporate the paragraph from Teak A antitied "Identify 
Potential High-Speed Milling Procedures" including projections 
for using optimal equipment into Teak B 

6) Video tape the high-speed machining process. 

The above tasks were successfully completed within budget , on schedule 
(as adjusted)* and with all goals and specific technical objectives 
achieved. 

The sample panel configuration was selected in accordance with Marshall 
Space Flight Canter requirements and within the limitations of Lockheed's 
available equipment. Three cutter designs were selected based on the 
requirements of the part and on Lockheed's background in the high-speed 
machining of aluminum. After selection the cutters were tested on a 
sample part. 

A Sundatrand 0M4 Omnimil NC Machining Center was retrofitted with an 
18*000 rpm Bryant spindle motor to machine the panels and perform the 
demonstration for NASA representatives and their Invited guests. During 
the high-speed machining of the panels the various parameters Involved 
were monitored and recorded. The spindle was operated at 8,000 and 
18*000 rpm yielding cutting speeds of 5,890 and 8*378 surface feet per 
minute (efpm). 

Table feeds of up to 200 in. /min (1pm) (the m a ximu m capacity of the machine) 
producing metal removal rates up to 56 cu in. /min (approximately 3x the 
comparable conventional machining rate at Lockheed) were employed. 
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From the data generated during tba actual panal machining, pro j actions 
vara made to optimum rataa which could ba azpactad to ba achiavad If 
idaal aquipwant wars aval lab la for machining full-alsed Shuttle Tank 
panala. k video tapa racord waa aada of tha machining of tba 8 ft long 
panal. 

CONCLUSIONS 

In concluaion, tha high-speed machining techniques utilised In Lockheed' a 
alaslla production ware auccaaa fully transferred to tha manufacture of portions 
of Shuttle External Tank panels. 

Furthermore, it waa projected that with properly designed equipment, 
metal removal rataa up to 300 cu In. /min could ba achiavad and an entire Shuttle 
Tank panal could ba high-speed machined from a 1.75 in. thick solid panel 
in as little as 6.0 hrs using equipment known to be available today. Even 
leas time was projected using equipment for which technology to build la now 
available. 
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APPENDIX A 

IDENTIFICATION NUMBERS OF SHUTTLE TANK PANEL BLANKS 
4 FT BY 4 FT PANELS 


LSI 

RS9-790460 MMS118M771 

LOT CODE AVG LOT-269-211, 273-511 
255-331, 273-521-269-221 * 

DATE 7/28/79 TRACEABLE 


(Only partial stencilling) 
RS9-7904 

DATE 7/28/79 TRACEABLE 


RS9-790460 IWS118M771 RTR-106 

LOT CODE AWG LOT-269-211, 273-511 
255-331, 273-521-269-221 

DATE 7/28/79 TRACEABLE 


RS9-790460 MMS1.18M771 RTR-106 

LOT CODE AWG LOT-269-211, 273-511 
255-331, 273-521-269-221 

DATE 7/28/79 TRACEABLE 


LS5 

(No stencilled narks on edges) 

LS6 

(No stencilled narks on edges) 



* The lot number 269-221 Is the only lot number stencilled on 
the panel blanks that was excluded from the list of lot numbers 
provided by Martin Marietta In a letter dated January 22, 1982 
from Gerry Scott to Dr. R.I. King of Lockheed. Also, the lot 
number 273-512, listed In Mr. Scott's letter, was not stencilled 
on any of the panel blanks. 
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APPENDIX A 


4 FT BY 8 FT PANELS 


LL1 

RS9- 790460 M1S1118M771 RTR-106 

LOT CODE AHG LOT-269-211, 273-511 
255-331, 273-521-269-221 

(No Data) 


LL2 

RS9- 790460 MMS118M771 RTR-106 

LOT CODE AHG LOT-269-211, 273-511, 
255-331, 273-521-269-221 

DATE 7/28/79 TRACEABLE 


NOTE: LS and LL n unbars vara staal-stampad midvay on 3 adgas 

of aach part. Tha atanp was oaittad on tha adga to ba cut 
off to narrow tha panals to 41 In. 
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A vibration spectrum analysis of tha Bryant 18,000 rpa spindla nountad in 
tha 0M3-3 In Bldg. 170 and in tha 0M4B in Bldg. 182 was perforned. Tha 
spindla was oparatsd both with and without tools. Tha 1*1/4 inch diameter 
tool exhibited a minima vibration laval at 18,000 rpa whlla tha 4.0 inch 
dlaaatar tool minima vibration laval was at 8,000 rpa in tha 01(3*3. These 
speeds wars successfully used to aachina tha NASA 8pace Shuttle Integral 
Stlffner Panels. 
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I. Oblactlva 

Tha objective of this task was to determine tha rotational vibrations 
and rasonancas of tha Bryant 18,000 rpm splndla mounted in loth tha 
OM3-3 in Bldg. 170 and in tha OM4B In Bldg. 182. Tha OM3-3 was usad 
for cuttar trials and tha 0M4B was usad for cutting intagral stiffnar 
demonstration panals for tha NASA Shuttla Tank High Spaad Machining 
Tast. 

II. Tact Splndla and Tools 

Tha splndla tastad was tha Bryant 18,000 rpm dir act driva splndla 
motor mount ad in tha Sundstrand OM3-3 In Building 170 and in tha 
0M4B in Building 182. Tools tastad conslstad of a high speed steal, 
three flute 1-1/4 inch diameter cuttar and a 4.0 inch diameter braced 
insert cuttar. 

III. Tast Procedure 

An Endevco 2236 accelerometer was nountad radially on the face of the 
Bryant splndla. Tha accelerometer output was amplified by an Endavco 
Modal 2735 charge amplifier and analysed by a Schlumbergar 1510 real 
* time analyser. The vibration data was recorded on an HP X-Y recorder. 

The splndla was installed in tha 0M3-3 without a tool and operated at 
speeds from 6000 to 18,000 rpm. Data was taken at 2000 rpm intervals. 
This data is plotted in Figure 1. The data for tha 1-1/4 inch and 
4 inch diameter cutters is shown in Figures 2 and 3. The 1-1/4 inch 
diameter showed a minimum v5* ration level at 18,000 rpm and tha 4.0 
inch dlamatar cuttar had lass vibration at 8000 rpm. Tool tryout 
cuts war* made at these speeds using this setup in tha 0M3-3. 

The spindle was moved to the 0M4-2 in Bldg. 182. The rpm spectral 
map for the empty spindle in this machine tool is shown in Figure 4. 
The data for the 1-1/4 Inch and the 4.0 inch diameter cutters is 
shown in Figures 5 and 6. 

The tool test data appears similar to that obtained in the 0M3 except 
that the 1-1/4 inch cutter vibration level minimum was at 16,000 rpm. 
Successful demonstration cuts were made at 18,000 rpm using the 1-1/4 
inch cutter and at 8000 rpm with the 4.0 inch diameter cutter. The 
table feed rate was 200 ln/mln. 
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Figure 1-3 
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Figure B-A 
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Attendees at NASA Shuttle Tank High-Speed Machining Demonstration 
June 15, 1982, B/181 and B/182 


NASA Marshall Space Flight Center (MSFC) 

Edward J. Bryan 
Paul H. Schuerer 

Martin Marietta 

Gerry Scott 

E. G. "Bob" Williams 

Steven A. DeLony 

Cleveland Pneumatic Company 
John A. Wulf 

Reynolds Metals Co. 

R. J. "Bob'* Kazmier 

0. S. Navy - Sunnyvale 
Mike Maionchl 

LMSC 

Robert I. King 
A. J. Kish 
J. A. Miller 
E. A. "Gar" Eger 
C. Gall man 
R. N. Johnson 

1. M .Suarez 

M. I. Jacobson 
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8:15 a.m. 
8:30 a.m. 

8:50 a.m. 
10:00 a.m. 

11:30 a.m. 
12:45 p.m. 
1:45. p.m. 
3:00 p.m. 
4:00 p.m. 


APPENDIX D 
AGENDA 

HIGH SPEED MACHINING OF SPACE SHUTTLE 
EXTERNAL TANK PANELS 
PANEL CUTTING DEMONSTRATION 

June 15, 1982 


Arrive In Bldg. 181 Lobby 

Welcome (Navy Conference Rm. B) - Joe Miller, Program Manager 
MSD Background - Sam Dollar, Mgr., Manufacturing Program Support 

High-Speed Machining Concepts A Contract Briefing - Joe Miller 

Panel Cutting Demonstration 
(Sundstrand 0M4B, B/182, Column E23) 

Lunch In Cafeteria (Bldg. 149) 

Panel Cutting Demonstration - continued 

Discussion Per. 4 - (Navy C rference Room B) 

Tour of LMSC Space Shuttle Tile Fabrication Facility (Bldg. 174) 

Return to Bldg. 181 Lobby 
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SETUP *iND CP SKATING INSTRUCTIONS 
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SETUP & OPERATING INSTRUCTIONS 

1. Load NAS 8664 fixture onto OM-4 table and secure. 

2. Load shuttle No. 1 tape into reader. Set block delete off and 
cycle tape. 

3. Program stop. Indicate left locatinq pin. Retract "Z" axis and 
cycle tape. 

4. Program stop. Indicate right locating pin. Home "Z" axis and 
cycle tape. 

5. Program stop. Load part per sketch on page 3 • Set block 

delete on and cycle tape. 


£EQ. NO. OPERATIONS 

Program stop. Touch off, on top of part 
using a 1.000 feeler. Cycle tape. 

010 Mill .126 Dim. 

020 Mill .126 Dim. 

030 Mill .126 Dim. 

040 Mill .320 Dim. and .141 Dim. 

Program stop. Touch off, on .126 Dim. 
using a 1.000 feeler. Cycle tape. 

050 Mill .37 corner radius. 

Program stop. Touch off, on .126 Dim. 
using a 1.000 feeler. Cycle tape. 

060 Mill under flange. 

END OF PROGRAM. 


TOOL NO, 
02 

02 

02 

, 02 


TOOL NO. 


TYPE 


RPM 

F/R 

• 

CN 

o 

1.250 

Dia. E.M. 

.060 R. 

18,000 

150-200 

03 

1.250 

Dia. E.M. 

.370 R. 

18,000 

180 

04 

4.000 

Dia. Wheel 

Cutter 

8,000 

40-100 


.125 R. 


FORM LMIC t*oi »•» 


SHUTTLE -SHORT-1 

REV Page / of <t 


LOCKHKID AIRCRAFT CORPORATION 
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HIGH SPEEI 

FORI 


PRSS 

znxis 

1 

-22.6750 

2 

-22.9750 

3 

-23.2750 

4 

-23.5750 

5 

-23.6290 

6 

-23.9290 

7 

-23.9990 

1 

-22.6750 

2 

-22.9750 

3 

-23.2750 

4 

-23.5750 

5 

-23.6290 

6 

-23.9290 

7 



1 

-22.6750 

2 

-22.9750 

3 


4 

-23.4350 

5 

-23.7350 

6 * 

-23.8050 

1 

-22.6750 

2 

-22.9750 

3 

-23.2750 

4 

-23.4350 

5 

-23.7350 

6 

-23.8050 
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<FIR$T HALF) NO.l 

D MILLING DATA SHEET 


1 FT LONG PANEL NO. LL2 

TOOL 

« 02 



. 126 

DIM. . 



DEPTH 

FEED RATE 

RPM 

H/P 

.300 

150 

18000 


.300 

150 

18000 

yj. f 

.300 

150 

18000 

/is 

.300 

150 

18000 

■m mm 

.054 

200 

18000 

7, l 

.300 

150 

18000 

/Z o 

.070 

200 

18000 

7 y 

.300 

150 

18000 

/ T y 

.300 

150 

18000 

/ 

.300 

150 

18000 

/•it 

.300 

150 

18000 

y ? .2 

.054 

200 

18000 

y 

.300 

150 

18000 

yic 

■iiniHa 

200 

18000 


.320 

DIM. 



.300 

150 

18000 

J 7 ¥ 

.300 

150 

18000 

J 7- & 

.300 

150 

18000 

t r' <r 

.160 

200 

18000 

! L> -C? 

.300 

150 

18000 

/ 'S- y 

.070 

200 

18000 

A t 

.300 

150 

18000 , 

/ 7' 5 

.300 

150 

18000 

t * ■ O 

.300 

150 

18000 

hr 7 

. 160 

200 

18000 

l 0 *2 

.300 

150 

18000 

( J . c; 

■fuMi 

200 

18000 

Lt 


F-l 
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(FIRST HALF) L!2 NO.I 

HIGH SPEED MILLING DATA SHEET 

FOR 8 FT LONG PANFL NO. U2 


PRSS 

ZRXIS 

TOOL 
.141 
DEPTH 1 

« 02 
DIM. 

FEED RRTE 

RPM 

H/P 

1 

-23.9840 

. 179 

200 

18000 

/, L 

1 

-23.9840 

.179 

200 

18000 

C ^ 



1.250 DIM. 



1 

-22.6750 

. 305 

150 

18000 

P. / 

2 

-22.8750 

.200 

200 

■ f ITT ■ 

? , G? 

1 

-22.6750 

.300 

150 

18000 

/ J. 

2 

-22.8750 

.200 

■KTiTiHH 

18000 

/ 0 ■ 2. 



TOOL 

« 03 





. 126 

DIM. 



1 

-23.9990 

.370 

“Tfco 

18000 




. 141 

DIM. 



1 

-23.9840 

.370 


18000 

dW 



.320 

DIM. 



1 

-23:8050 

.370 

180 

18000 

r.v 

1 

-23.8050 

.370 

180 

18000 

r i 



. 141 

DIM. 



1 

-23.9840 

.370 

180 

18000 

/ z. 



TOOL 

« 04 



1 

-21 . 8090 

.635“ 

40-50 

8000 

sv/ 

2 

-21.6350 

. 150 

100 

8000 

J-7 

3 

-21.9840 

. 150 

100 

8000 

. 1:J- 


F-2 
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(SECOND HALF) LL2 N0.2 

HIGH SPEED MILLING DflTR SHEET 

FOR 8 FT LONG PANEL NO. LL2 

TOOL « 02 — — 


.126 DIM. 


PASS 

ZRXIS 

DEPTH 

FEED RATE 

RPM 

H/P 

1 

-22.6750 

.300 


18000 

a t 

2 


.$00 

ISO 

■I:TiTiTim 


3 

-23.2750 

.300 

■■ti'SHfl 

■T T'T'l — 

ll < 

4 

-23.5750 

T5DB 

150 

18000 

n. l 

5 

BEiraTil I 

■ram 


■ III 1 — 


6 


■■cTiTiH 

■■kT'AMI 

■ 1 |i| 1 — 

warn 

7 


.070 


■ INI IM 

4 z 

1 

-22.6750 

.300 

150 

18000 

/7. / 

2 

-22.9750 

.300 

T5B 

■ ITT 1 M 

/?W 

3 


.300 

_ -g- 

■lmlmi 

j rV 

4 


HB&TiTiHm 


■ INI — 

1 2. *4 

5 


.054 

200 

rams 


6 

war^wmm 

IBSniTalHI 

hmoh 

11 I'I'IlM 

Jl • M 

7 

-23.9990 

.070 

■B'JiTiHi 

18000 

y • J 



.320 

01M. 



1 

-22.6750 

.300 

150 

18000 


2 

-22.9750 

.300 

150 

1 6000 1 

//9 ,♦ 

3 

-23.2750 

.300 

WMH'Wmm 

18000 

/ Z . C 

4 

-23. >1350 

.160 

200 

18000 

1 o. O 

6 


HScTiTrBHI 

T5B 

18000 

/l. V 

6 

-23.8050 

.070 

200 

18000 

7. / 

1 

-22.6750 

300 

153 

18000 

/.?• ^ 

2 

-££.9750 


150 

UTihTi— 

/ r . r 

3 

-23.2750 

.300 

150 

18000 

/r, ^ 

14 

-23.4350 

■m 


18000 

/£• £ 

5 

-23.7350 

.300 

MWiiKMHH 

18000 

• L. • <*/ 

6 

-23.8050 

.070 

200 

18000 

7- g- 


F-3 
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APPENDIX F 

(SECOND HALF) LL2 No.2 


HIGH SPEED MILLING DRT.fl SHEET 

FOR 8 FT LONG PANEL NO. 112 




TOOL 

• 02 





.141 

D1H. 



PASS 

ZAXIS 

DEPTH FEED RATE 

RPM 

H/P 

1 

-23.9840 

. 179 

200 

18000 

/*> * 

1 

-23.9840 

. 179 

200 

18000 

'* V 



1 . 250 

1 DIM. 



1 

-22.6750 

. 3bb 


18000 

/i 7 

2 

-52.8750 

■miTiVHi 

w+iiuwmm 

■ITiTTI 

/o P- 

1 

-22.6750 

.300 

150 

18000 

/l ■ c 

£ 

-22! 875b 

1556 

20b 

mu 1 

1C. 



TOOL 

« 03 



1 

-23.9990 

.126 

.370 

DIM. 

iBo 

18000 

PI 

1 

-23.9840 

.141 

.370 

DIM. 

TBo 

18000 

r y 

1 

-23.8050 

.320 

.370 

DIM. 

TBO 

18000 

m 

1 

-23.8050 

.370 

180 

18000 

r- v 

1 - 

-23.9840 

. 141 
.370 

DIM. 

TBO 

18000 

r, z 

1 

-21.8090 

TOOL 

.635 

« 04 
4b-50 

8000 

f.L 

2 

-21.635b 

.156 

106 

8000 

v. / 

3 


HMHfiHHB 

100 

8000 

7 , r 
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